were not affected by tillage or amendment treatments. Maximum wheat canopy light interception was attained in late May to early June and ranged from 84 to 91% and typically exceeded 77% light interception for at least 22 d. Red clover root DM increased on average 378% between wheat harvest and 40 d after harvest compared with a 64% average increase in red clover root length. Red clover shoot:root averaged 8.5 at wheat harvest compared with 11.2 40 d after wheat harvest. Producers using this wheat and red clover intercrop should expect no difference in wheat yield or red clover productivity when using IT, MT, or NT.
comparing intensive tillage (IT) to no-tillage (NT) systems (Lund et al., 1993; Singer et al., 2004; Kumudini et al., 2008) . This inconsistency supports the need for additional research.
Cereal grain and legume intercrops have been included in previous crop management studies, yet researchers focused only on main crop yields, N contribution from the legume, or weed suppression and provided little data about legume establishment or biomass yield (Brandt et al., 1989; Singer and Cox, 1998; Legere et al., 2001 ). Singer and Cox (1998) evaluated IT and moderate tillage (MT) in a corn-soybean-wheat and red clover rotation, yet they did not discuss or quantify red clover productivity and cited red clover establishment as a major production challenge in this rotation. Frost-seeding red clover into established winter cereals has been successful under MT and NT practices (Thiessen Martens et al., 2001; Blaser et al., 2006; ), yet comparisons of tillage systems within the same study were not performed. Legere et al. (2001) reported mixed tillage eff ects on interseeded red clover in spring barley (Hordeum vulgare L.) with NT producing 16% greater dry matter (DM) than IT in one study year, IT producing 52% greater DM than NT in 3 yr, and 3 yr with no tillage eff ect. However, the red clover was not frost-seeded in their experiment and they did not report red clover plant densities.
Management practices that increase cereal canopy growth have been reported to limit legume productivity. As cereal seeding density was increased from 100 to 400 seed m −2 , Blaser et al. (2007) reported similar post-wheat harvest red clover densities but observed a 30% decrease in red clover DM 40 d after cereal harvest. Measured intercepted photosynthetically active radiation (IPAR) for these seeding densities confi rmed the diff erences in canopies at the 300 and 400 seed m −2 cereal seeding density treatments intercepted more IPAR throughout the growing season than the 100 and 200 seed m −2 treatments (Blaser et al., 2006) . Blaser et al. (2007) attributed higher wheat plant populations to the reduced red clover DM but never addressed the possibility that improved cereal growing conditions could result in a more competitive grain crop that could limit red clover productivity. Alternatively, Queen et al. (2009) modifi ed the wheat canopy by reducing N application and removing select wheat rows to increase light transmittance to the red clover intercrop. They reported greater light penetration in thinned wheat canopies and lower N rates in both study years, which resulted in greater red clover DM in two of six locations during the two study years. The lower N rate treatment only aff ected the fi nal red clover density at one location in 1 yr, while the wheat thinning treatment did not infl uence the fi nal density at any location in either year.
Tillage practices and soil amendments alter soil structure and the quantity of surface residue. Such modifi cations to the soil infl uence soil temperature (Dwyer et al., 1995) , moisture, and physical properties (Lal et al., 1994) and their impact on seed germination. Surface residue promotes macroporosity, minimizes surface sealing, reduces soil water evaporation (Brady and Weil, 2000) , and ultimately modifi es microenvironments for frost-seeded red clover germination and seedling establishment. We hypothesized that soil management practices including reduced tillage and compost amendment would promote red clover establishment by enhancing the soil microenvironment. The objectives of this study were to evaluate the eff ect of IT, MT, and NT and the presence of a compost soil amendment on frost-seeded red clover establishment and productivity intercropped with winter wheat.
MATERIALS AND METHODS
This winter wheat and red clover intercrop study was conducted from 2005 through 2010 at the Iowa State University Agronomy and Agricultural Engineering Farm near Ames, IA (42°00′ N, 93°50′ W, and elevation 341 m above sea level). The experiment was embedded within a larger study with a history of tillage and compost treatments. The larger experiment was initiated in 1988 as a continuous corn experiment with IT, MT, and NT main plot treatments. In 1997, the entire experiment was planted to soybean and in 1998 a corn-soybean-winter wheat and clover rotation was initiated in all crop phases and the main plots were split to include compost and no compost subplot treatments.
The present study focused solely on the wheat and red clover portion of the rotation. The experimental design was a randomized complete block in a split-plot treatment arrangement with four replicates. Main plots, 22.8 by 26.1 m, were tillage treatments representing IT, MT, and NT management. Tillage treatments were similar during the corn and soybean phases but diff ered for winter wheat. Field preparation for IT before wheat planting consisted of one pass with both a tandem disk and a fi eld cultivator. Moderate tillage seedbed preparation included one pass with a fi eld cultivator and NT consisted of planting wheat directly into soybean stubble. Subplots, 7.6 by 13.0 m, consisted of a fall application of composted beef manure or no compost. Compost was applied based on the P removal rate for corn, soybean, and wheat over the 3-yr rotation (35, 22, and 16 kg P ha −1 , respectively). For more information regarding previous experimental procedures see Singer et al. (2004 Singer et al. ( , 2007a Singer et al. ( , 2010 .
'Karl 92' hard red winter wheat was planted into Clarion loam (fi ne-loamy, mixed, superactive, mesic Typic Hapludolls) and Canisteo silty clay loam (fi ne-loamy, mixed, superactive, calcareous, mesic Typic Endoaquolls) soils. The wheat was planted at 300 pure live seed m −2 (91 kg ha ) around 1 October each year using a tractor-mounted 3.8-m wide John Deere 1 1520 grain drill (John Deere Co., Moline, IL) with 15-cm row widths. All plots were broadcast fertilized with 45 kg N ha −1 in the form of NH 4 NO 3 at wheat green-up in the spring around the fi rst 2 wk of April each year. Red clover was frost-seeded in the wheat whole-plot at a rate of 900 pure live seed m −2 (14.6 kg ha −1 using 'Cherokee' and 17.6 kg ha −1 using 'Southern Belle') using a tractor mounted drop seeder. Frost-seeding occurred during the last 2 wk of March each year. In 2005 and 2006 Cherokee red clover UK). The measurement depth quantifi ed soil water availability to the red clover seedlings and was used as an indication of water stress. The measurements were collected approximately every 3 to 4 d during wheat growth beginning in early May each year. Three measurements were collected in the nontraffi cked area of each plot and averaged to estimate soil water content. In 2009 and 2010, soil water content was only collected in the IT treatments without compost.
Seasonal wheat canopy IPAR was determined every 7 d beginning on 19 May 2006, 1 May 2007, and 14 Apr. 2008 using an AccuPAR linear photosynthetically active radiation (PAR) ceptometer (Model PAR-80, Decagon Devices, Inc., Pullman, WA). Measurements were obtained by placing the ceptometer diagonally across three wheat rows in each plot. The instrument was positioned below the wheat canopy but above the red clover canopy to measure the quantity of PAR transmitted to the top of the clover canopy. Measurements were collected under full sunlight between 1130 and 1400 h. In 2009 and 2010, IPAR was measured continuously from wheat greenup until harvest with a line quantum sensor (LI-191SA, LI-COR, Lincoln, NE) deployed in the IT, no compost treatment across three wheat rows diagonally from northwest to southeast in three replicates. Another line quantum sensor mounted on a tripod at 1.5 m measured incident PAR. All line quantum sensors were leveled and cleaned regularly and were recently calibrated. All sensors were connected to a datalogger (CR10X, Campbell Scientifi c, Inc., Logan, UT) and the signal recorded every 60 s and averaged every 30 min. Output from the radiation sensors was integrated to obtain daily total incident and transmitted PAR, and these values were used to calculate IPAR. Percent light interception was calculated by dividing the below canopy PAR daily total readings by the incident PAR daily totals and multiplying by 100.
Weather conditions during the study and long-term climatic data were obtained from the Iowa Environmental Mesonet (IEM, 2010) . Daily maximum and minimum air temperatures and rainfall were recorded from a weather station located 1.5 km from the experimental site (Table 1) . Between frost-seeding on 26 Mar. 2007 and 3 Apr. 2007, observed average daily air temperature was 13°C and total rainfall was 41 mm. These optimum growing conditions resulted in a high percentage of red clover germination. From 4 to 9 Apr. 2007, a severe frost event occurred with an average daily temperature of −3.2°C and an average low temperature of −8.1°C. Damage was used and from 2007 through 2010, the genetically similar variety Southern Belle (Quesenberry et al., 2005) was used. Southern Belle was developed through a combination of recurrent selection processes using Cherokee as the base population.
A wheat shoot DM sample was collected when the grain reached maturity (growth stage 92; Zadoks et al., 1974) just before combine harvesting during the second week of July from 2005 through 2009. All wheat plants were cut at the soil surface from one 0.5 m 2 quadrat in each plot. These samples were dried at 60°C until constant weight and sample DM was recorded. The samples were then counted to determine spikes per square meter and wheat was threshed. The threshed wheat sample was weighed and counted for two 1000-seed weights. Seed per spike, spikes per square meter, and 1000-seed weight data were obtained from the shoot DM sample. All plots were machine harvested and grain yield was collected from weights measured from a scale integrated into the combine. Grain moisture for all study years was measured using American Society of Agricultural Engineers (ASAE) Method S352.2, which included drying 10 g of grain at 130°C for 19 h and weighing (ASAE, 2001) . to both wheat and red clover was observed and the few red clover plants that survived or germinated after the frost event were not adequate for data analysis. Consequently, no red clover data are presented for 2007.
The experimental design was a randomized complete block in a split-plot treatment arrangement. Statistical analysis was performed using the PROC MIXED procedure of the Statistical Analysis System Version 9.1 (SAS Institute, 2008). Tillage and amendment were treated as fi xed eff ects. Year was treated as a random eff ect for grain yield and yield components and red clover plant densities and shoot DM. Year was also treated as a fi xed eff ect for red clover root DM and length. If the tillage by amendment interaction was not signifi cant, the interaction was removed from the model and an additive model was used. Light transmittance and soil moisture data collected in 2006 through 2008 were analyzed using a repeated measures model with fi rst order autoregressive correlation. A Fisher's protected LSD (α = 0.05) was used for all mean separation.
RESULTS AND DISCUSSION

Dry Matter, Grain Yield, and Yield Components
Tillage and compost soil amendment did not aff ect shoot DM at wheat harvest (Table 2) . Shoot DM averaged 976 g m −2 across tillage treatment, which was 500 g m −2 lower than soft red winter wheat averages reported by Kumudini et al. (2008) in Kentucky, where they also reported similar wheat DM production under IT and NT systems. Although compost amendment did not increase shoot DM, grain yield was increased 10% with compost amendment. Singer et al. (2010) reported 4% higher wheat grain yields (p < 0.01) in compost amended plots compared to no compost plots from the same study during the years 2000 through 2007. The more dramatic yield increase in compost plots during these study years may be related to more years with above normal rainfall, which may have leached fertilizer N below the wheat root zone. The application of organic N in compost may make the compost system more resilient in years with above normal rainfall during the March through June interval. Of the 6 yr with grain yield data in this study, four had at least 2 mo with above normal rainfall and 3 yr had 3 mo with above normal rainfall. The compost used in this study averaged 12.7 g N kg −1 with average dry compost rates of 30.3 Mg ha −1 (Singer et al., 2010) . During 2005 through 2010, grain yield was not aff ected by tillage and averaged 3.80 Mg ha −1 across tillage. Yield components were also not aff ected by tillage or soil amendment treatments (Table 2) . No tillage by soil amendment interaction was detected for yield or yield components. Kumudini et al. (2008) reported similar wheat yields under NT and IT in three of fi ve site-years. Singer et al. (2010) reported that IT and MT had 5% higher grain yields than NT, averaged across compost. The lack of a tillage eff ect during these study years may also be related to above normal rainfall, which may have increased N loss in IT and MT assuming the benefi t of these tillage systems was derived from greater soil mineralization.
Red Clover Plant Densities and Dry Matter
Red clover densities at wheat harvest and 40 d after harvest averaged across tillage were 121 and 132 plants m and were not aff ected by tillage or soil amendment (Table  3) . These densities were similar to previous red clover intercropping results in Iowa reported by Blaser et al. (2006) . They also reported slightly higher 40 d densities than postharvest densities and attributed the increase to hard seed and delayed germination potentially caused by frost-seeding methods. Tillage and soil amendment did not infl uence red clover shoot DM at wheat harvest or 40 d after harvest (Table 3) . Red clover shoot DM 40 d after harvest increased over six times the DM observed at wheat harvest. When red clover shoot DM was evaluated by year, treatment eff ects were still not observed, yet seasonal rainfall dramatically impacted production (Table 4) . clover root DM at wheat harvest averaged 0.3, 5.1, and 6.8 g m −2 , respectively, but was not aff ected by tillage or amendment treatment ( Table   Table 2 Mg ha Amendment C 1 2 2 a 3 2 . 9 a 1 2 8 a 1 8 7 a NC 120a 31.0a 136a 212a † Means followed by the same letter in a column and factor are not different using a Fisher's protected LSD at p < 0.05. No tillage × amendment interactions were detected for red clover densities, shoot or root DM, or root lengths at any sampling date. The lack of signifi cant diff erences for these contrasting tillage treatments indicates this intercrop system is highly resilient to soil management and suggests producers adopting these systems will not have to make major management or production changes to achieve optimum results.
4). Red
clover root DM at 40 d increased between two to six times in 2008 and 2009 and over 30 times in 2006 compared to root DM at wheat harvest but was still unaf-
Resource Competition
Wheat canopy IPAR was measured in all treatments from 2006 through 2008; however, no consistent tillage or amendment eff ects were observed. Diff erences among tillage treatments were only observed on three dates in 2007. On 1 May, IT and MT wheat recorded 11% more IPAR than NT. On 21 May and 20 June, NT averaged 9% less IPAR than IT, while both tillage systems were similar to MT at those dates. No other signifi cant tillage eff ects were observed, yet general trends were still noted as seasonal average IPAR ranked in order with IT > MT > NT. However, these diff erences only varied from 1 to 4% at diff erent point measurements throughout the season. light environment for the interseeded red clover if the red clover seedlings had survived the extreme cold air temperatures after germination. Even if more plants had survived or the experiment was frost-seeded a second time, the results of Queen et al. (2009) indicate that modifying canopy to increase light transmittance to the interseeded red clover have a limited eff ect on plant number but a more pronounced eff ect on plant DM. Results of Blaser et al. (2011) also support this conclusion. In their study, maximum leaf area index (LAI) ranged between 4.0 and 6.2 in 2 yr with red clover plant density data. The variety that produced the LAI of 6.2 lowered red clover plant densities at wheat harvest in 1 yr, otherwise no diff erences were detected. Maximum reported LAI for wheat typically ranges between 4.0 and 5.0. Taylor and Smith (1995) reported that the light compensation point for red clover is 6% of sunlight. The wheat canopies in these study years did not exceed 94% light interception, which likely minimized any treatment eff ect on red clover persistence.
Soil moisture measurements collected in the surface 6 cm soil depth were good indicators of red clover seedling ). Even though soil moisture diff erences were observed in 2008, the soil water content never declined below the estimated permanent wilting point of 0.147 m 3 m −3 for the soil types used in this study (S. Logsdon, personal communication, 2010) .
Five consecutive soil moisture measurements fell below the wilting point in June 2006, when below normal rainfall was recorded (Table 1 ; Fig. 1 ). This likely contributed to the lower red clover shoot and root DM in 2006 (Table 4) . In 2007 and 2008 there were two and one soil moisture measurements that exceeded the permanent wilting point, but in both years the low soil water content only lasted for three to 4 d before additional rainfall was received (Fig. 1) . In all cases where the permanent wilting point was exceeded, there was no association with tillage or compost treatments, further supporting the resiliency of this intercrop under contrasting soil management.
CONCLUSIONS
Measured during six growing seasons, wheat grain yield and red clover plant densities were not aff ected by tillage, while wheat grain yield did increase with compost soil amendment but red clover plant densities did not. Wheat canopies intercepted >77% PAR for 22 to 32 d (2006 and 2008-2010) but canopy eff ects were too small to significantly impact interseeded red clover plant density or red clover shoot DM. Seasonal diff erences in rainfall had large infl uences on red clover productivity but all treatments were impacted equally. These results did not support our hypothesis that soil management practices that improve soil structure will increase red clover establishment. Producers interested in diversifying their wheat cropping system can incorporate red clover without changing tillage or soil amendment practices and achieve optimum red clover productivity.
